Crystalline phases formed in stoichiometric Zr 9 Ni 11 and Hf 9 Ni 11 have been studied by perturbed angular correlation (PAC) spectroscopy, XRD and TEM/SAED measurements. In Zr 9 Ni 11 , the phases Zr 9 Ni 11 (∼89%) and Zr 8 Ni 21 (∼11%) have been found at room temperature from PAC measurements. At 773 K, Zr 9 Ni 11 partially decomposes to Zr 7 Ni 10 and at 973 K, it is completely decomposed to ZrNi and Zr 7 Ni 10 .
Introduction
The Zr-Ni intermetallic compounds are widely used to synthesize advanced materials [1] [2] [3] [4] . The compounds Zr 8 Ni 21 , Zr 7 Ni 10 , Zr 9 Ni 11 and ZrNi are, particularly, important due to their potential application as gaseous hydrogen storage materials.
The electrochemical properties of these compounds were extensively studied earlier [5] [6] [7] [8] . These alloys absorb gaseous hydrogen in their interstitial sites to form nickel metal hydrides (NiMH). These metal hydrides are used as negative electrode in NiMH rechargeable batteries. It was found that the hydrogen absorption/desorption properties of many Laves phase and quaternary/ternary hydriding alloys are improved due to the presence of non-Laves Zr-Ni binary alloys [9] [10] [11] [12] [13] [14] . The NiMH batteries have high energy density compared to nickel-cadmium batteries and are more environmentally friendly. Recently, hydrogen absorption/desorption properties in ZrNi alloy were investigated [14] by partial substitution of Zr with Ti for different Ti concentration. Also, in case of Zr 9 Ni 11 , unusual magnetic properties were reported by Provenzano et al. [15] . Its crystal structure is known to be body-centered tetragonal with space group I4/m [8, 14, [16] [17] [18] [19] [20] [21] which is reported to be isostructural to Zr 9 Pt 11 [18, 22, 23] . The lattice parameters of Zr 9 Ni 11 were found to be a = 9.88(1)Å and c = 6.61(1)Å [16] . The Hf 9 Ni 11 was found to be isostructural to Zr 9 Ni 11 , with the lattice parameters a = 9.79Å and c = 6.53Å [17, 24, 25] .
The phase diagram of Zr-Ni system [17, 20, 21, 26, 27] shows at least eight binary compounds. From a recent study [28] , all these phases were found through the interdiffusion process by annealing the Zr-Ni interface zone at different temperatures.
It is found that the phases Zr 2 Ni 7 , Zr 2 Ni, and ZrNi melt congruently while Zr 8 Ni 21 , Zr 9 Ni 11 , Zr 7 Ni 10 , and ZrNi 5 phases form peritectically. The phase ZrNi 3 forms by peritectoid reaction. The room temperature formation of these phases are due to nucleation by rapid quenching from the liquid alloy [14, 26] . Stalick et al. [29] found that the Zr 9 Ni 11 sample, prepared by argon arc melting, contained 10% of ZrNi and at 700
• C, it transformed to ZrNi (37%), Zr 7 Ni 10 (57%) and Zr 9 Ni 11 (7%). At 1000
• C, this sample reformed again to produce 90% [31, 32] , (Zr/Hf)Ni 3 [33] were studied earlier by PAC technique. However, any report of PAC measurements in the (Zr/Hf) 9 Ni 11 systems are not available in literature. The technological applications of Zr 9 Ni 11 and absence of PAC measurements, promoted the study of Zr 9 Ni 11 and Hf 9 Ni 11 compounds to determine the electric field gradients (EFG) at the Ta impurity sites, obtained after radioactive decay of 181 Hf and also the structural stability of the compounds. The measured EFG and asymmetry parameters can be directly compared to the calculated values obtained from first-principles density functional theory (DFT), which helps assigning the component phases produced in the sample.
The time-diffrential perturbed angular correlation (TDPAC), also called PAC, is a nuclear technique based on the interaction of electromagnetic moments (electric quadrupole or magnetic dipole) of a specific nuclear level with the electric field gradient or the magnetic field generated at the nuclear level by the surrounding en-vironment of the nucleus. Electric field gradient strongly depends upon the lattice parameters and the crystal structure of the lattice. This technique is sensitive to the change of local field environment of the probe nucleus. Production of multiphase components can be identified by this technique from the observation of different quadrupole frequencies. In the present report, phase stability and structural phase transformation in Zr 9 Ni 11 and Hf 9 Ni 11 have been studied by observing the temperature dependence of PAC parameters. Additionally, we have carried out X-ray diffraction (XRD) and transmission electron microscopy (TEM)/selected area electron diffraction (SAED) measurements to determine the phase components in these samples. Calculations of EFG and asymmetry parameter (η) at 181 Ta impurity site have also been carried out in Zr 9 Ni 11 and Hf 9 Ni 11 to compare with the experimental results from PAC measurements and therefrom to assign these phases.
Experimental details
The intermetallic compounds Zr 9 Ni 11 and Hf 9 Ni 11 have been prepared in argon arc furnace using the stoichiometric amounts of constituent elements procured from Alfa Aesar. of probe activation i.e. before the probe is decayed to a very low activity level. The extra-nuclear electric field gradient (EFG) present in the sample interacts with the quadrupole moment of the probe nucleus and perturbs the γ-γ angular correlation.
Thus, through the PAC technique, the EFG in a sample is actually measured at the 181 Ta impurity atom.
The perturbation function in a polycrystalline sample for I=5/2 is given by [35, 36] 
The frequencies ω i denote the transition frequencies between the m-sublevels of the intermediate state. These sublevels become non-degenerate in energies due to hyperfine splitting. The damping in PAC spectrum is represented by δ (Lorentzian distribution) which arises due to lattice imperfections and chemical inhomogeneities of the sample. The three ω i 's in the perturbation function G 2 (t) are related to V zz , the maximum component of EFG in the principle axis system, through the quadrupole frequency given by
In the above Eqn. 2, Q represents the quadrupole moment of the intermediate level (2.36 b [37] ). For an axially symmetric EFG (η = 0), the ω Q is related to ω 1 , ω 2 and
The principal EFG components obey the relations
The EFG can therefore be designated by two parameters only viz. V zz and η. The asymmetry parameter η is defined as
For η =0, a more general relation between ω Q and ω i 's is found [36] .
A slow-fast coincidence set up comprising two 
Results and discussion

Zr 9 Ni 11
The XRD powder pattern in Zr 9 Ni 11 is shown in Fig. 1 diffraction measurements by Joubert et al. [8] . The PAC spectrum found at room temperature in the stoichiometric sample of Zr 9 Ni 11 is shown in Fig. 3 . The predominant component (89%) produces values of (3) with a large frequency distribution width (δ = 15%). Apart from this, a minor component is also observed ( found to be different (Table 1 ). An agreement between the results of Stalick et al. [29] and present results at high temperature are thus observed. Stalick et al. [29] found also a phase reformation at 1273 K where the sample was again 90% Zr 9 Ni 11 and 10% ZrNi. Production of Zr 7 Ni 10 and ZrNi can also be explained from the Zr-Ni phase diagram due to their proximity to Zr 9 Ni 11 phase and very small homogeneity range of this phase [8, 16, 17, 20] .
The variations of ω Q , η, δ and phase fraction (f ) with temperature for the Zr 9 Ni 11 , Zr 8 Ni 21 and Zr 7 Ni 10 phases are shown in Fig. 4 . A very weak temperature dependence of quadrupole frequency for the Zr 9 Ni 11 phase is found in this compound. Values of ω Q for the Zr 9 Ni 11 phase shows a linear variation with temperature and it is fitted using the following relation
The fitted results are found to be ω Q (0) = 40. 
The fitting produces values of ω Q (0) = 77.
and β = 1.2(6) ×10 −6 K −3/2 . In our recent PAC investigation in Zr 8 Ni 21 [30] , similar temperature dependence was found.
Temperature evolution of electric quadrupole frequency in metals and intermetallic compounds following a T and T 3/2 relation are generally found in literature [35, 43] . In most cases, the EFG decreases with temperature. The coefficient α depends on crystal structure and the lattice parameters. A very weak temperature dependence of EFG in Zr 9 Ni 11 , probably, indicates that lattice parameters or lattice volume does not change much with temperature.
To closely examine the phase transitions, a remeasurement of X-ray powder diffraction pattern (Fig. 5 ) has been carried out after heating the sample for two days at 1073 K. Peaks in the XRD spectrum were identified (Fig. 5 ) using ICDD database, 2009. It is found (Fig. 5 ) from XRD analysis using FullProf software [39] that the sample after heating gives the phase components Zr 
Hf 9 Ni 11
The powder X-ray diffraction pattern in Hf 9 Ni 11 is shown in Fig. 7 . Presence of Hf 9 Ni 11 and HfNi phases have been found (Fig. 7) in the XRD spectrum by comparing with the ICDD PDF Card No.: 00-033-0963 of Zr 9 Ni 11 and JCPDS # 47-1414 of HfNi, respectively. Analysis of the X-ray powder pattern (Fig. 7) was carried out by FullProf software package [39] using the known crystallographic data of body-centered tetragonal Hf 9 Ni 11 [17, 24, 25] and base-centered orthorhombic
HfNi [17, 25, 44] phases. The presence of HfNi phase in this stoichiometric sample of Hf 9 Ni 11 has been observed from TEM/SAED measurement (Fig. 8) . Selected area electron diffraction (SAED) pattern obtained from a region marked by a dotted circle in the stoichiometric sample of Hf 9 Ni 11 is shown in Fig. 8 . One of the measured interplanar spacing from the SAED pattern is 2.03Å which is found to be very h sample. In the database, no ICDD pattern file was found for Hf 9 Ni 11 . Therefore, ICDD pattern of isostructural Zr 9 Ni 11 [17, 24, 25] has been used for identifying Hf 9 Ni 11 phase.
close to the (002) interplanar spacing of orthorhombic HfNi (JCPDS # 47-1414).
This further confirms the presence of HfNi phase in the sample. The phase Hf 9 Ni 11
could not be identified from SAED pattern in the stoichiometric sample of Hf 9 Ni 11 due to non-availability of X-ray diffraction data of interplanar spacings (d hkl ) and corresponding crystallographic planes (hkl) for Hf 9 Ni 11 .
The PAC spectrum at room temperature in Hf 9 Ni 11 is shown in Fig. 9 . An (Table 1) , the minor The Hf 9 Ni 11 phase is formed by peritectic reaction from the liquid melt and HfNi at 1613 K [47, 48] . Kirkpatrick and Larson [17] reported that the Hf-Ni system is analogous to Zr-Ni system. Unlike Zr 9 Ni 11 , a predominant component due to HfNi is observed in Hf 9 Ni 11 . This is, probably, due to the fact that in Hf 9 Ni 11 PAC sample, a significant mass loss (∼5.5%) of the sample was observed during its preparation in argon arc furnace. This mass loss can be considered as due to loss of Ni which has a much lower melting and boiling point compared to the other constituent Hf. So, the stoichiometry of the arc melted sample was changed and a Ni deficient compound was produced by melting. Since, the stoichimetry of Hf 9 Ni 11 (Hf/Ni ratio 1:1.22) and
HfNi are not very different, the production of HfNi phase in the sample is expected.
In this case, the mass loss of the sample was such that its stoichiometry comes closer to HfNi.
The PAC measurements at higher temperatures have also been performed in Hf 9 Ni 11 . It is found that at 373 K, the fraction due to Hf 9 Ni 11 enhances to 45% at the expense of HfNi (Table 2 ). In the temperature range 373-873 K, the component fractions do not change much (Fig. 10) .
After heating the sample gradually up to 873 K, a re-measurement at room temperature was carried out. The results are found to be almost the same as found before heating. The frequency distribution width for the predominant component, however, decreases (Table 2) as expected due to annealing of the sample. In this case, the values of quadrupole frequencies for the two components are found to change slightly. In the two cases, there are large changes in frequency distribution widths which probably affect the results. But unlike Zr 9 Ni 11 , no change in phases due to heating is observed in Hf 9 Ni 11 and the phases are found to be stable up to 873 K.
The variations of quadrupole frequency and asymmetry parameters of two phases found in the stoichiometric sample of Hf 9 Ni 11 with temperature are shown in Fig. 10 .
It is found that the temperature dependence of quadrupole frequency for the Hf 9 Ni 11 phase is very weak which is similar to the temperature dependence of quadrupole frequency in Zr 9 Ni 11 . But, unlike Zr 9 Ni 11 , ω Q for Hf 9 Ni 11 is found to increase with temperature. Although, the ω Q for this phase is found to evolve with temperature following a linear temperature dependent relation (Eqn. 6). A fitting to the Eqn. 
Ab initio calculations
The ab initio density functional theory (DFT) calculations were performed to compare with the experimental results by all-electron full potential (linearized) augmented plane waves plus local orbitals [FP-(L)APW+lo] method, as implemented in WIEN2k [50] . The exchange-correlation potential was calculated using the generalized gradient approximation (GGA) with the parameterization of Perdew-BurkeErnzerhof (PBE) [51] . The cut-off parameter R mt K max for limiting the number of plane waves, where R mt is the smallest value of all atomic sphere radii and K max is the largest reciprocal lattice vector used in the plane wave expansion, was set to 7.0.
The Brillouin zone integration was achieved via a tetrahedron method [52] . Taking into consideration both the accuracy and the efficiency of the calculations, we have selected a 10 × 10 × 10 point mesh to sample the entire Brillouin-zone (BZ), yielding 143 points in the irreducible Brillouin-zone. The structure was relaxed according to Hellmann-Feynman forces calculated at the end of each self-consistent cycle, until the forces acting on all atoms were less than 0.03 eV/Å (2 mRy/a.u.). During this relaxation, the cell volume was kept fixed to its experimental value. Then the theoretical equilibrium volume was determined by fixing the atomic positions to their optimized values and further keeping c/a ratio fixed. A series of calculations was carried out, changing the volume within ± 5% of its experimental value and calculating the total energy as its function. Finally, the c/a ratio was optimized by changing it within ± 2% of its experimental value while keeping the optimized volume fixed. The convergence criterion for achieving self-consistency was that the integrated charge difference between last two iterations to be smaller than 5 × 10 −5 electron.
We used the optimal structural parameters to construct 1 × 1 × 2 supercell and then replaced each of the Zr (Hf) nonequivalent host sites by a Ta atom successively ( Figure 11, [53] ). The point group symmetry around the Ta atom remained the same as around the original atom, but the number of non-equivalent positions enlarged to 18-50, which increased the complexity of the calculations. We used 36-64 k points in the irreducible wedge of the Brillouin zone for these calculations.
Both Zr 9 Ni 11 and Hf 9 Ni 11 have tetragonal I4/m type crystal structure (space group number 87). For Zr 9 Ni 11 , P 4/m structure (space group no 83) was reported by Stalick et al. [29] only, but other authors found I4/m structure [14, 16, 21] including two recent results by Matsuyama et al. [14] and Kosorukova et al. [21] . We have found I4/m crystal structure from XRD (Table 3 The theoretically optimized structure parameters together with the experimental values obtained from earlier [16, 21] and present X-ray diffraction measurements are shown in Table 3 . We can see that a lattice constants overestimate the experimental ones for about 1%, while the c lattice constants underestimate the measured ones for about 2%. The bulk moduli B, obtained by fitting the data to the Murnaghan's equation of state [54] are also given in Table 3 .
The electric field gradient (EFG) tensor V ij was calculated from the obtained charge density using the method developed in reference [55] . is now closer to the ideal one.
Conclusion
We have performed PAC measurements and DFT calculations to address the phase components, and phase stability in Zr 9 Ni 11 and Hf 9 Ni 11 . In both these compounds, multiphase components have been found which are assigned by comparing with the results from DFT calculations. Three non-equivalent Zr/Hf sites are found from calculations while only one site occupation (Zr3/Hf3) by the probe is obtained experimentally. In Zr 9 Ni 11 stoichiometric sample, up to 673 K, the phase due to the Zr 9 Ni 11 is found to be predominant, with the minor phase belonging to Zr 8 Ni 21 .
Above 673 K, the Zr 9 Ni 11 phase becomes unstable and Zr 7 Ni 10 appears. At 973 K, the phase due to ZrNi is produced as a dominating phase. This phase has also been found to be predominant when remeasured at room temperature after measurement at 973 K.
In the stoichiometric Hf 9 Ni 11 sample, the phase due to Hf 9 Ni 11 is produced as a minority phase and the HfNi phase is found to be predominantly produced. From our PAC measurements, isostructurality of Zr 9 Ni 11 and Hf 9 Ni 11 has been found. The phases produced in Hf 9 Ni 11 are found to be stable up to 873 K.
In both Zr 9 Ni 11 and Hf 9 Ni 11 , very weak temperature dependence of electric field gradients (EFG) have been observed which indicates that the lattice parameters do not change much with temperature. The calculated results of EFG and asymmetry parameter (η) at the Ta impurity atom positions, Zr3 8h in Zr 9 Ni 11 and Hf3 8h in Hf 9 Ni 11 , are found to be in good agreement with our experimental results, thus confirming the origin of the components of our interest in the PAC spectra.
